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Strength Training of One Limb Increases 
Corticomotor Excitability Projecting  
to the Contralateral Homologous Limb
Dawson J. Kidgell, Mark A. Stokes, and Alan J. Pearce
The contralateral transfer of strength following unilateral strength training (ULS) 
is thought to be due to changes within the nervous system. Using transcranial 
magnetic stimulation (TMS) we compared corticospinal responses following 
ULS of the right biceps brachii (BB) projecting to the untrained left BB. Motor 
evoked potentials (MEPs) were recorded from both BB of 23 individuals pre and 
post 4 weeks heavy load (80% of 1RM) ULS of right BB. TMS was delivered at 
intensities below active motor threshold (AMT) to saturation of the MEP (MEPmax). 
ULS resulted in a 28% increase in 1RM right BB strength, resulting in a 19.2% 
increase in contralateral strength of the left BB (p = .0001). There was a significant 
increase in MEP amplitude of 30.3% (p = .03), 33% (p = .05), and 26.5% (p = .01) 
at AMT, 20% above AMT and MEPmax respectively. No significant differences 
in silent period were seen at AMT, 20% above AMT or MEPmax. This study has 
demonstrated increased corticospinal excitability projecting to the untrained arm 
following heavy load ULS.
Keywords: Strength training, Contralateral Transfer of Strength, Transcranial 
Magnetic Stimulation, Corticomotor excitability.
A common observation that underscores the complexity of neuromuscular 
interactions between homologous limbs is the phenomenon of cross-education. 
Initially described by Scripture et al. (1894) whereby unilateral motor training of 
one limb improves motor task performance of the contralateral limb, there is good 
evidence to support cross-education in strength training of upper and lower limbs 
using various muscular contraction and movement types (Adamson et al. 2008; 
Brown et al. 1990; Cannon and Cafarelli 1987; Farthing et al. 2007; Farthing and 
Chilibeck 2003; Fimland et al. 2009; Hortobágyi et al. 1997; Hortobágyi et al. 
1999; Lee et al. 2009; Scripture et al. 1894; Shaver 1975; Yue and Cole 1992).
A recent meta analysis of randomized, controlled cross-education studies 
focusing on strength, found a mean increase of 7.8% in muscle strength of the 
contralateral homologous muscle (Munn et al. 2004). However, Munn et al. (2004) 
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presented data from studies ranging from a reduction of 2.7% (Meyers, 1966) to 
an increase of 21.7% (Carolan and Cafarelli 1992), and suggested that the exclu-
sion of an adequate control measure, not only underpowers most studies but may 
also explain the inconsistent findings. Typical control measures have included the 
comparison of within-subjects’ strength between the trained and untrained limbs. 
Carroll et al. (2006) suggested that with such a design, the changes in contralateral 
strength may be due to familiarization. Using this procedure, it has been demon-
strated that repeated exposure to muscle testing can improve performance through 
learning (Gleeson and Mercer 1996). Given that these studies have not included a 
separate control group (Adamson et al. 2008; Garfinkel and Cafarelli 1992; Meyers 
1966) it is possible that as the participants are strength training a single arm, they 
are becoming familiar with the movement pattern, thus biasing the posttesting 
period. A potential approach to overcome this problem and obtain more objective 
data concerning the cross-education effect would be to randomize participants into 
two groups (experimental and control) and then compare the increases in strength 
of the contralateral untrained limbs between groups (Carroll et al. 2006; Munn et 
al. 2004). Despite these methodological differences (Munn et al. 2004), consider-
able evidence illustrates that the cross-education effect exists; however the exact 
mechanisms underlying the cross-transfer of strength remains unclear, although 
neural adaptations have been implicated (Carroll et al. 2006; Lee et al. 2009).
In an attempt to explain the neural contribution to cross-transfer of strength 
(Fimland et al. 2009), it has been suggested that 10% (Carpenter 1985; Nyberg-
Hansen and Rinvik 1963) to 30% (Nathan et al. 1990) of pyramidal tract neurons 
do not decussate providing ipsilateral corticospinal projections. Recently, it has 
been demonstrated using the combined techniques of fractional anisotropy and 
paired-pulse transcranial magnetic stimulation (TMS), functional connectivity 
between primary motor cortex (M1) hand areas in both hemispheres (Wahl et 
al. 2007). Taken together, neuro-anatomical studies have provided a structural 
explanation for ipsilateral projection and interhemispheric integration underpin-
ning physiological mechanisms for the cross-education effect.
In determining neurophysiological mechanisms for cross-education, stud-
ies have employed TMS to investigate corticospinal excitability. Hortobágyi et 
al. (2003), showed increased motor evoked potentials (MEPs), but depressed 
H-reflex excitability, in homologous right limb wrist flexors and extensors fol-
lowing moderate, 50% maximal voluntary contraction (MVC), to strong (75% 
MVC) acute voluntary contractions of the left limb. These authors suggested an 
increased excitability in the M1 with little to no change in the motoneuron pool. 
More recently, Lee et al. (2009) demonstrated an increase in voluntary activation 
of the opposite untrained limb following four weeks of isometric strength train-
ing of the right wrist extensor muscles. Twitch interpolation, using TMS, was 
used to assess the changes in cortical voluntary activation of the untrained wrist 
extensors. Following training there was a significant increase in strength of the 
trained (31.5%) and untrained wrist extensors (8.2%) which was accompanied 
by a significant decrease in twitch amplitude (35%) contributing to a significant 
increase in voluntary activation (2.9%). The finding of a reduced amplitude of the 
superimposed twitch following the strength training period was interpreted as 
increased motor cortical output to the untrained wrist extensors (Lee et al. 2009).
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There is evidence to suggest that during a unilateral contraction, there is bilat-
eral activation of the M1, termed motor irradiation (Carson 2005; Hortobágyi 2005; 
Hortobágyi et al. 2003; Muellbacher et al. 2000; Perez and Cohen 2008; Stedman 
et al. 1998; Todor and Lazarus 1986). Todor and Lazarus (1986) suggest that the 
degree of motor irradiation to the contralateral limb is conditional to the level of 
neural drive directed to the muscles undergoing the movement. More recently, 
Perez et al. (2008) demonstrated, using paired-pulse TMS, bilateral motor corti-
cal activity during unilateral wrist flexion and increased MEPs of the ipsilateral 
motor pathway with increasing force output. Therefore, with interhemispheric 
connections between the cortices via the corpus callosum, along with ipsilateral 
and contralateral corticospinal projections, there are many potential sites within 
the nervous system that could contribute to the cross-transfer of strength (Carroll 
et al. 2006).
A further question raised within cross-education research is attributing the 
effects of cross-education to strength training or practice of a motor skill. Zhou 
(2000) and Farthing (2009) suggested that cross-education is consequential to the 
specificity to the prescribed training, and indeed has been shown to occur during 
both motor skill training (Schulze et al. 2002) and following strength training 
(Teixeira and Caminha 2003). Evidence for cross-education being related to motor 
skill acquisition come from studies that have shown maximal contralateral strength 
gains when the movement tested is the same as the training movements (Horto-
bágyi et al. 1997). Similarly, studies that have employed unfamiliar movements 
as part of the strength training regimen have also shown cross-education effects. 
Farthing et al. (2007) using functional magnetic resonance imaging demonstrated 
an enlarged region of activation in the contralateral sensorimotor cortex and 
activation of the ipsilateral temporal lobe of the untrained limb, proposing that 
the temporal lobe may be important for the cross-transfer of strength; however, 
the effect of incremental learning, particularly in light of using an unfamiliar 
movement exercise, could not be discounted.
However, despite current evidence supporting the cross-education phenome-
non coming from strength training and motor skill acquisition literature, it remains 
unknown whether heavy load (80% of 1-RM) unilateral strength training has the 
capacity to increase corticospinal excitability projecting to the untrained limb. 
Therefore, our study was designed to extend on previous work by investigating 
the neural mechanisms underpinning the cross-education effect with heavy load 
(80% 1-RM), controlled (timing of each repetition, 3 s concentric/4 s eccentric) 
unilateral strength training using a between groups design (Munn et al. 2004). 
The primary objective was to determine whether cross-education strength train-
ing induces changes in corticospinal excitability and inhibition projecting to the 
untrained limb. The general aims of the investigation were to compare the changes 
in the input-output properties of the corticospinal pathway following ULS. The 
specific aims of the study were to compare the changes in TMS active motor 
threshold (AMT), MEP latency, MEP amplitude, MEPmax, and silent period (SP) 
duration, at and 20% above AMT, to assess the influence of heavy load unilateral 
strength training on the contralateral transfer of strength. It was anticipated that 
the current study would allow us to determine the responses that occur within the 
contralateral corticospinal pathway projecting to the untrained limb.
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Methods
Organization of the Study
Twenty six healthy participants (26.8 ±7.3 years, 12 males, and 14 females) were 
systematically (by gender) and randomly assigned into either a strength training (6 
males, 20.3 ± 3.4 years and 7 females, 24.5 ± 3.0 years) or a control group (6 males, 
27.6 ±±7.9 years and 7 females, 29 ± 6.2 years). All participants were right-handed, 
as assessed by the Edinburgh handedness inventory (Oldfield 1971), and none of 
the subjects had participated in any kind of strength training in the past two years. 
Participants gave written informed consent and all procedures were approved by the 
University Human Research Ethics Committee. Participants assigned to the strength 
training group were required to undertake 12 supervised strength training sessions 
over a four-week training period. Participants assigned to the control group completed 
no training. At the beginning and at the end of the training period each subject par-
ticipated in a testing session that involved: (1) strength testing to evaluate maximal 
voluntary dynamic elbow flexor muscle strength (1-RM) and maximal root mean 
square electromyography (rmsEMG) during an isometric MVC; and (2) single pulse 
TMS applied to both hemispheres projecting to the right and left BB. All testing post-
training was conducted within 48 hr of the final supervised strength training session.
Maximum Strength Testing
Participants in both groups performed a standard unilateral 1-RM test for the right 
and left arm. Following the protocol of Munn et al. (2005b), participants were asked 
what they believed their 1-RM elbow flexion strength was and this load served as 
their initial starting weight. Participants performed the 1-RM test standing, holding 
a weighted dumbbell with one hand, with their elbow in full extension, forearm 
supinated, and the opposite arm placed behind their back while standing against 
a wall to prevent excessive body movement. Participants were then asked to flex 
their arm and lift the dumbbell as if doing a standard “biceps curl”. If the trial was 
successful, the weight of the dumbbell was increased accordingly (.5 kg incre-
ments) on each trial after a three-minute recovery to minimize the development of 
muscular fatigue (Munn et al. 2005a). This procedure continued until the subject 
could no longer complete one repetition and their prior trial served as their 1-RM 
elbow flexion strength (Munn et al. 2005b).
Arm circumference:
To determine whether there was any change in muscle hypertrophy as a result of the 
strength training program, arm circumference of the right and left upper arm was 
measured with a tape measure. Specifically, arm circumference was determined at 
the largest circumference of the upper arm while participants attempted a strong 
contraction of the elbow flexors in a shortened position, with the shoulder at 90° 
flexion and the forearm 45° to the upper arm (Munn et al. 2005a).
Strength Training Procedures
The strength training group performed heavy load strength training (80% of their 
1-RM) of the right elbow flexors only, three times per week for four weeks (12 
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sessions in total). All training was supervised within the laboratory and participants 
were instructed to train in the same way as tested, that is, with the contralateral 
limb placed behind their back to reduce possible activation of the muscles during 
training. Biceps curls with a dumbbell were performed by undertaking flexion-
extension movements of the elbow with the forearm supinated. The participants 
performed four sets of 6–8 repetitions at 80% 1-RM with a three-minute recovery 
period between sets (Munn et al. 2005a). Participants were required to perform 
each repetition with a repetition timing of 3 s concentric and 4 s eccentric, as 
data suggests that this repetition timing produces the greatest transfer in strength 
(Hortobágyi et al. 1997; Munn et al. 2005a). The principle of progressive overload 
was employed throughout the training period to maximize the training response 
(Peterson et al. 2005). Specifically, when participants could complete four sets of 
8 repetitions, at the beginning of the next training session, the training weight (kg) 
was increased by 5%.
Contralateral Strength Transfer
The contralateral transfer of strength was quantified according to the procedure of 
Carroll et al. (2006). The transfer was determined by the difference in change in 
mean strength of the untrained left arm in the control group and the experimental 
group post training. The calculation was performed as follows:
 
Where EPost refers to mean post training 1-RM strength for the experimental 
group’s untrained arm, EPre refers to mean pre training 1-RM strength for the 
experimental group’s untrained arm, CPost refers to mean post training 1-RM 
strength for the control group’s untrained arm, and CPre refers to mean pre training 
1-RM strength for the control group’s untrained arm.
Electromyography and Transcranial Magnetic Stimulation
Surface EMG activity was recorded from the left and right BB muscle using bipolar 
Ag-AgCl electrodes. Two electrodes were placed 2 cm apart over the BB muscle, 
located by manual muscle testing and placed over the belly of the muscle, with 
the third reference electrode (ground electrode) placed over the bony prominence 
at the elbow (lateral epicondyle). The area of electrode placement was prepared 
by shaving and cleaned with 70% isopropyl alcohol. The site was marked with 
permanent marker and continually maintained by the investigator and participant, 
to ensure no differences in electrode placement occurred relative to the innervation 
zone before and after the four week training period. EMG signals were amplified 
(1000×) with bandpass filtering between 10 Hz and 1 kHz and digitized at 1.5 kHz 
for 500 ms using custom-designed software (National Instruments V4.0). The sur-
face rmsEMG was calculated from a 500 ms segment occurring during the asymptote 
of the MVC (Griffin and Cafarelli 2007; Wilson et al. 1993b). To obtain the MVC, 
participants were seated in a chair with the elbow flexed to 90°, as measured by 
an electronic goniometer (Biometrics, USA), and with their hand in a supinated 
position. A dynamometer (Microfet2, USA) was positioned on a modifiable bench 
so the dynamometer was inside the participant’s forearm at the level of the wrist. 
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The participant was then instructed to flex the elbow against the dynamometer 
as forcefully as possible for 3 s. Three attempts, with a two-minute rest between 
each attempt were performed. This procedure was repeated for the participant’s 
other arm. The trial with the highest MVC and rmsEMG level was recorded and 
subsequently used to determine background muscle activity during the TMS pro-
tocol. The standard criteria for measurement of MVCs were fulfilled and included 
a period of familiarization (before data collection) and verbal encouragement, 
feedback of rmsEMG displayed on a computer monitor at eye level, standardized 
verbal encouragement provided by the investigators and the rejection of a trial in 
the case the participant felt it was not a maximal effort (Gandevia 2001).
TMS testing followed the established protocols of Byrnes et al. (1999), 
Pearce et al. (2000) and Wilson et al. (1993). MEPs were evoked by TMS of 
the contralateral motor cortical area projecting to the BB using a Magstim 2002 
stimulator (Magstim Co, UK), with a 70 mm figure of 8 coil placed tangential 
to the skull in an antero-posterior direction. For reliability of coil placement, 
participant’s wore a snugly fitting cap, positioned with reference to the nasion-
inion and interaural lines (Byrnes et al. 1999; Hortobágyi et al. 2008; Pearce et 
al. 2000; Wilson et al. 1993b). The cap was marked with sites at 1 cm spacing in 
a latitude-longitude matrix to ensure reliable coil position throughout the test-
ing protocol and for repeated testing sessions over the period of the study. The 
cap was checked constantly to ensure that no changes in cap position occurred. 
Sites near the estimated center of the BB area (4–7 cm lateral to the vertex) were 
explored to determine the site at which the largest MEP amplitude was observed, 
via visual inspection of the MEP waveform (Figure. 1). This site was defined as 
the “optimal” site (Pearce et al. 2000; Wilson et al. 1993a). At the optimal site, 
MEP stimulus-response curves were measured by delivering two sets of five TMS 
stimuli at intensities (5% of stimulator output steps) from a level below the partici-
pant’s AMT until the plateau of MEP amplitude (i.e., until the amplitude did not 
increase with increased stimulation). AMT was defined as the intensity at which 
an MEP could be obtained with at least five of the 10 stimuli with a peak-peak 
amplitude being greater than 200μV during 10% of MVC rmsEMG (Rogasch et 
al. 2009). MVC rmsEMG was determined from the participant who performed an 
isometric MVC of their BB muscle on the bench with their elbow flexed to 90° and 
was used to control for background muscle activity during TMS trials. Each set of 
five stimuli were delivered during a controlled, low level voluntary contraction of 
the BB muscle at 10% (± 3%) of MVC rmsEMG (Pearce et al. 2000; Wilson et al. 
1993a). Feedback of the participant’s rmsEMG level was displayed on a computer 
monitor positioned 1.5m away at eye level using custom-built software (National 
Instruments V4.0). Each stimulus was delivered in random intervals every 10–12 
s to avoid stimulus anticipation and 30 s rest was provided between each set of 
stimuli to reduce the possibility of muscular fatigue.
Data and Statistical Analyses
All MEPs collected (n = 10, two sets of five 500 ms recordings, at each stimulus 
intensity from below participant’s AMT to MEPmax, see Figure 1 for an example) 
were displayed and averaged online for visual inspection, in determining the optimal 
site, and then stored off-line for further analysis.
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Stimulus-response curves were constructed according to the protocol of Carroll 
et al. (2002). Stimulus intensity was plotted against MEP amplitude, and the data 
were fitted with a three parameter sigmoid equation:
 
Where s is stimulus intensity, m is the estimated slope, S50 is the estimated 
peak slope, and MEPmax is the measured maximum the participant’s MEP amplitude 
reached in a given trial. A nonlinear data fit iterative model to each participant’s data 
using SPSS17.0 (SPSS Inc, Chicago, Ill) was applied. This procedure estimated 
the values for m and S50 and provided a measure of the curves fit to the data. All 
iterative fits significantly fitted the data.
Figure 1 — Example of five raw MEP sweeps (500 ms) from one participant during the TMS trials. The 
black spike represents the stimulus articfact.
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All data were first screened to ensure they were normally distributed. To have 
sufficient data to test for questions of normality, all data from 68 trials were used to 
establish the distributional properties. No variable’s z-score of skew or kurtosis was 
excessive. Further, Kolmogorov-Smirnov tests suggested the variables S50 (KS = 
0.07, p = .2) and MEPmax (KS = 0.1, p = .08) were clearly normally distributed, while 
m was apparently nonnormal, (KS = 0.1, p = .01) however; this violation appeared to 
be only mild from examination of frequency histograms and detrended Q-Q plots, 
and was not considered sufficient to warrant a more conservative analytic strategy 
than used herein. Consequently, it was decided to treat the data as essentially normal 
in distribution. To identify changes in the input-output properties of the corticospinal 
pathway, the slope and plateau values of the stimulus-response curve was used to 
characterize the physiological strength of the corticospinal connections projecting 
to the left and right BB (Boroojerdi et al. 2001; Carroll et al. 2002). Latency was 
calculated from stimulus artifact to MEP onset; MEP peak-to-peak amplitude and 
SP duration (onset of MEP to return of uninterrupted EMG) were cursored and 
measured for both motor cortices (Byrnes et al. 1999; Pearce and Kidgell 2009; 
Williams et al. 1992; Wilson et al. 1993a; Wilson et al. 1993b). Furthermore, MEP 
sweeps (n = 10) obtained at AMT, 20% above AMT and MEPmax were analyzed to 
quantify changes in membrane excitability and corticospinal cell recruitment fol-
lowing the strength training intervention (Hallett 2007).
To test the hypothesis that unilateral strength training increases contralateral 
strength and corticospinal excitability, a two-way ANOVA, and Fisher’s least sig-
nificant difference (LSD) procedure for post hoc testing, for each arm was used 
to compare group interaction (trained vs. control) by testing session (pre vs. post) 
for each dependant variable (elbow flexion strength, rmsEMG, MEP latency and 
amplitude, and SP duration). Pearson’s correlation coefficient was used to determine 
correlations between changes in corticospinal excitability and changes in contralat-
eral strength. Data are presented as means (± SD) and the level of significance used 
for all tests was set at p ≤ .05.
Results
All participants in the training group completed all training sessions, however three 
participants (1 male and 2 females) in the control group were not able to complete 
the posttesting session and subsequently their data were not used. No significant 
differences were observed in muscle girths between groups pre training (right arm 
trained group pre 31.9±5.6 cm versus control group pre 31.3 ± 5.2 cm, p = .4; left 
arm trained group pre 31.3 ± 4.9 cm versus control group pre 30.9 ± 6.2 cm, p = 
.5). No significant differences in arm girths were observed within and between 
groups following the training period (right arm trained group post 32.2 ± 4.9 cm 
versus control group post 31.4 ± 3.3 cm, p = .3; left arm trained group post 31.2 ± 
4.7 cm versus control group post 31.5 ± 3.1 cm, p = .3).
Voluntary Muscle Strength
There were no significant differences in dynamic elbow flexion strength (1-RM) at 
baseline between the control and trained groups in both right and left arms (right arm: 
p = .7; left arm: p = .3). Dynamic elbow flexion mean strength increased by 28% 
(p = .0001) in the trained (right) arm (11.5 ± 4.5 kg to 14.8 ± 5.2 kg) and a 19.2% 
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(p = .0001) increase in strength to the untrained (left) arm (11.3 ± 4.9 kg to 13.7 ± 5.4 
kg; Figure 2). There was a significant correlation between the percentage of strength 
gained in the trained right limb and the percentage of the contralateral transfer of 
strength to the untrained left limb (r = .67, p = .01; Figure 3). There were no signifi-
cant differences in voluntary strength for the control group (right arm: 13.3 ± 4.2 kg 
to 13.2 ± 4.3 kg, p = .34; left arm: 11.8 ± 3.9 kg to 12.0 ± 3.8 kg, p = .1, Figure 2).
Figure 2 — Average 1-RM strength (± SD) data for the strength-training and control groups left untrained 
arm and right trained arm. The bars on the left represent pretraining absolute strength and the bars on 
the right represent post training absolute strength. There was a 19.2% increase in unilateral left strength 
and a 28% increase in unilateral right strength for the trained group. * Indicates statistical significance 
(p < .05) from pretraining values.
Figure 3 — Strength changes for the elbow flexors of the trained and contralateral limb in trained sub-
jects after four-weeks of heavy load controlled unilateral strength training, expressed as a percentage of 
pretraining strength (r = .67; p < .05).
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rmsEMG
There were no significant differences at baseline for group mean left and right BB 
MVC rmsEMG activity between the groups (control, left arm: .39 ± .12 mV; trained, 
left arm: .52 mV ± .22 mV, p = .1; control, right arm: .41 ± .24 mV; trained, right 
arm: .50 mV ± .20 mV, p = .5). There were also no differences following training 
to pretraining values within or between the groups (control, left arm: .37 ± .12 
mV; trained, left arm: .60 mV ± .22 mV, p = .1; control, right arm: .41 ± .21 mV; 
trained, right arm: .58 mV ± .17 mV, p = .5). Further, no interaction was found 
between groups by training (p = .7) Similarly, no differences were observed between 
rmsEMG at 10% of MVC contraction pre and post testing sessions (pre control, left 
arm: .04 ± .01 mV; pre trained, left arm: .05 mV ± .02 mV, p = .2); post control, 
left arm: .04 ± .01 mV; post trained, left arm: .06 ± .02 mV; pre control, right arm: 
04 ± .02 mV; pre trained, right arm: .05 ± .02 mV, p = .4; post control, right arm: 
.04 ± .02 mV; post trained, right arm: .05 mV ± .01 mV, p = .5).
Latency
No significant differences in latency duration were seen between groups at 20% 
above AMT at pretraining (right M1, p = .8; left M1, p = .2). Following the training 
intervention, there was no significant difference in latency duration pre vs. post 
training in both trained (right M1: 13 ± .8 ms vs. 12.8 ± .5 ms, p = .8, left M1: 13 
± .8 ms vs. 12.9 ± .3 ms, p = .3) and control groups (right M1: 12.9 ± .5 ms vs. 
12.8 ± .5 ms, p = .8; left M1: 12.9 ± .50 ms vs. 12.8 ± .5 ms, p = .4).
Active Motor Threshold and Motor Evoked Potentials
Mean group data for the control and the trained groups for percentage of stimula-
tor output at AMT are shown in Table 1. There were no significant differences at 
pretraining for the percentage of stimulator output at AMT within and between the 
trained and control groups left (p = .3) and right M1 (p = .7). Following the training 
period, there were no significant differences for percentage of stimulator output at 
AMT between the trained and control groups (control left M1 vs. trained left M1; 
p = .8; control right M1vs. trained right M1; p = .9, Table 1).
Table 1 displays the mean data for both the control and the trained group for 
mean MEP amplitude at AMT, and 20% above AMT and MEPmax. There was no 
significant difference in mean MEP amplitude at AMT at baseline between groups 
(right M1: p = .9; left M1: p = .16). MEP amplitude at AMT increased by 53% (p = 
.01) in the left M1 and increased by 30.3% (p = .03) in the right M1 in the trained 
group following the training intervention. There were no significant differences (p 
= .3) in the mean MEP amplitude at AMT in the right M1 and left M1 (p = .3) in 
the control group following the training intervention. Further, there were no inter-
action effects between the groups (p = .2). There were no significant differences 
in the estimated slope (m) of the input-output curve following strength training in 
the trained group (pre: 0.15 AU ± 0.05 AU; post: 0.14 AU ± 0.03 AU; p = .3) for 
the right M1. There were also no significant differences in m for the left M1 (pre: 
0.16 AU ± 0.06 AU, post: 0.15 AU ± 0.05 AU, p = .4). Furthermore, no significant 
differences were identified for S50 following the training intervention for the right 
or left M1 (right M1: pre; 4.3 AU ± 3.4 AU, post; 4.5 AU ± 3.3 AU, p = .8; left M1: 
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4.9 AU ± 3.7 AU, post; 5.6 AU ± 4.8 AU, p = .6). There was a moderate, but non-
significant, correlation between the amplitude of MEPs at AMT in the right M1 and 
changes in strength of the untrained left limb (r = .42, p = .06). Following strength 
training, there was a significant correlation between the amplitude of MEPs at 20% 
above AMT in the right M1 and the change in strength of the untrained left limb 
(r = .57, p = .04). In addition, there was also a significant correlation between the 
amplitude of MEPs at 20% above AMT in the left M1 and the change in strength 
of the untrained left limb (r = .62, p = .02). There were no difference in mean MEP 
amplitude at 20% above AMT at pretraining between groups (right M1: p = .20; 
left M1: p = .4). There were no significant differences (p = .4) in MEP amplitude 
of the right M1 in the control group at 20% above AMT, however, there was a 33% 
increase in MEP amplitude in the right M1 for the trained group (p = .05). There 
were also no significant differences (p = .6) in MEP amplitude of the left M1 at 20% 
above AMT in the control group, however, there was a 33% increase (p = .05) in 
the trained group following the intervention. No significant interaction effect was 
observed between the groups (right M1: p = .93; left M1: p = .1). There were no 
significant differences in mean MEPmax amplitude at pretraining between groups 
(right M1: p = .6; left M1: p = .4, see Table 1). Following the training intervention, 
there was a 26.5% increase in the amplitude of the MEPmax in the right M1 (p = 
.01; Figure 4) and a 38% increase in the left M1 (p = .02) in the trained group. 
There were no significant (p = .8) differences detected for the control group or any 
significant interaction effects (right M1: p = .9; left M1: p = .3).
Silent Period Duration:
Table 1 shows all SP data of the two groups’ pre and post training intervention. 
No significant differences in SP duration were observed between groups at 20% 
above AMT at pretraining (right M1: p = .8; left M1: p = .2, Table 1). Following 
the training intervention, there was a small nonsignificant reduction in mean SP 
duration in the trained group (right M1: 4.2%, p = .7, left M1: 2.8%, p = .5) while 
there were no significant change in SP duration in the control group following the 
training intervention (right M1: .05% decrease, p = .7; left M1: 3.1% increase, p = 
.5, Table 1). No significant differences were seen in the mean duration of the SP at 
MEPmax between groups at baseline (right M1: p = .9; left M1: p = .4). Following 
training, there was a small nonsignificant reduction in mean SP duration at MEPmax 
in the trained group (right M1: 5.2%, p = .7; left M1: 3.9%, p = .3). No differences 
in SP duration at MEPmax were observed following the training intervention within 
the control group (right M1: .5% decrease, p = .7; left M1: 1.3% decrease, p = .3).
Discussion
This study extends on existing evidence supporting contralateral strength and 
corticomotor changes following a period of unilateral strength training. The major 
findings from the current study are that four weeks of heavy load dynamic strength 
training for the right elbow flexors, in participants with no strength training experi-
ence, increased dynamic 1-RM strength for both the right trained (28% increase) and 
left untrained (19.2% increase) upper limbs. In the absence of muscle hypertrophy, 
we have demonstrated an increase in corticospinal excitability (MEPs) projecting to 
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the untrained left arm, with no significant differences observed in latency duration 
or corticospinal inhibition (SP).
The contralateral transfer of strength observed in this study is greater than 
recent investigations that have used a similar between subjects design, reporting a 
contralateral strength transfer of 7% (Lee et al. 2009) and 9% (Munn et al. 2005b). 
The large difference in the cross-transfer of strength between this study and that 
of Munn et al. (2005b) may be due, in part, to using the preferential direction of 
transfer, being right to left in right handed participants (Farthing et al. 2005), as 
well as the methodology of the strength training employed. For example, Munn 
et al. (2005) used an identical protocol in terms of volume and intensity of train-
ing; however, they employed a faster repetition scheme of 1 s concentric and 1 s 
eccentric whereas the current study employed a repetition cycle of 3 s concentric 
and 4 s eccentric. The rationale for using a slow controlled repetition protocol has 
been based primarily on previous research suggesting greatest cross-education 
of strength from slow controlled repetitions (Hortobágyi et al. 1997; Munn et al. 
Figure 4 — Comparison of training group (n = 13) mean stimulus threshold curves pretraining (solid 
line) and posttraining (dashed line). The diamonds and crosses represent group mean MEP amplitudes 
(mV), the solid and dashed curves represents the calculated sigmoid curve based on mean MEP amplitude 
data pre and post training, while the broken straight lines represents the slope of the curve. Following 
training there was a significant (p = .01) increase in maximum MEP amplitude, as seen in the dashed 
plotted curve as well as mean MEPs 20% above active motor threshold (threshold represented as ‘T’ on 
the X axis, p = .05); however, the slope of the curve was not significantly different between pre and post 
training. Asterisks represent significant difference between pre and post training.
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2005a). The repetition timing for training was also chosen following recent stud-
ies demonstrating increased corticospinal excitability during motor tasks when 
the level of precision required to complete the task has been altered by slowing 
and purposefully controlling the movement (Pearce and Kidgell 2010). Farthing 
and Chilibeck (2003) investigated cross-transfer of strength in the untrained limb 
following isokinetic strength training, also focusing on the eccentric component 
of the movement. However, these investigators demonstrated increased cross-
transfer following high velocity training, which contradicts the findings in this 
study. Methodological differences may also explain contrary findings as the cur-
rent study trained participants using free weights whereas Farthing and Chilibeck 
(2003) employed an isokinetic training regimen. In light of these differences, 
both the current study and Farthing and Chilibeck (2003) still employed muscle 
actions that were high intensity and this may be an important factor in the cross-
transfer of strength. Furthermore, the change in contralateral strength observed 
in the preset study is larger compared with the recent study by Lee et al. (2009). 
The observed differences may largely be related to the strength training paradigm 
employed. Lee et al. (2009) employed isometric contractions of the extensor 
carpi radialis brevis, while the current study adopted a dynamic strength training 
protocol, whereby the timing of each repetition was controlled and as such may 
have resulted in the observed differences. Furthermore, dynamic strength train-
ing that involves both concentric and eccentric contractions has been shown to 
increase strength when compared with isometric strength training alone and this 
may also account for the observed differences in contralateral strength (Brown 
et al. 1988; Higbie et al. 1996).
The observation of increased MEP amplitude projecting to the untrained 
left arm suggests increased excitability of neurons in the M1 as well as by the 
excitability of the spinal motor neuron pool (Rothwell et al. 1991); supporting the 
findings and the suggestion by Hortobágyi et al. (2003) that a general increase in 
motor cortical excitability occurs following strong voluntary contractions. It has 
been suggested that excitatory motor cortical activity during strong unilateral 
contractions diffuse from the active M1 to the “inactive” M1 through inter-
hemispheric pathways (Farthing 2009; Zhou 2000). Neuro-imaging and TMS 
studies have shown mechanisms whereby unilateral motor activity is associated 
with bilateral activation of both the left and right M1 (Carson 2005; Cramer et 
al. 1999; Muellbacher et al. 2000) via increased excitability of existing intrinsic 
horizontal pathways within the M1. Corticospinal cells within layer II and III of 
the M1 form a broad, intrinsic horizontal projection system (Mountcastle 1997). 
Rioult-Pedotti et al. (1998) provided the first line of evidence that motor activity 
leads to an increase in strength of horizontal cortical connections within the M1 as 
demonstrated by an increase in amplitude of field potentials via micro stimulation 
of corticospinal cells. Given that high force unilateral voluntary contractions have 
been shown to affect the efficacy of neural circuits controlling the untrained limb 
(Carson et al. 2004; Hortobágyi et al. 2003; Sohn et al. 2003) the results suggest 
that the strength training program employed in the current study increased the 
neural excitability of the contralateral homologous muscle due to chronic changes 
in synaptic connectivity within specific neural circuits between hemispheres that 
contribute to the ability to generate force. The adaptations observed within the 
right M1 may have contributed in some capacity to the contralateral transfer of 
Corticomotor Excitability and Unilateral Strength Training    261
strength to the left arm, as we have demonstrated a moderate to strong correlation 
between the change in MEP amplitude and change in strength of the untrained arm.
In this study, repeated strong and controlled voluntary contractions may have 
also induced a motor learning effect contributing to increased corticospinal excit-
ability at stimulus intensities at and above AMT. A general consensus exists in the 
literature that cross-education of strength might be similar to cross-education of 
motor skill acquisition (Carroll et al. 2002; Farthing 2009; Lee and Carroll 2007; 
Zhou 2000). Carroll et al. (2002) has put forward that strength training is a form 
of motor learning, in the sense that participants are required to learn to produce 
muscle recruitment patterns associated with optimal performance of the task. 
Other authors concur that short-term increases in strength stem from improved 
coordination between opposing muscles (Enoka 1997; Olafsdottir et al. 2008). 
Moreover, Farthing et al. (2007) have affirmed that skill learning does not induce 
muscle hypertrophy but still contributes to strength gains. As first proposed by 
Parlow and Kinsbourne (1989), the cross-activation model suggests that motor 
task or skill memory engrams are stored in both hemispheres following unilateral 
skill acquisition. It has also been suggested that adaptations associated with skill 
learning involve changes in cortical synapse number and/or synaptic strength (Jones 
1999; Jones et al. 1999; Muellbacher et al. 2001). While it is not possible from 
the current study to determine the precise underlying mechanism responsible for 
the changes in corticospinal excitability, the novel aspect of the strength training 
program employed (i.e., high intensity strength training, with controlled timing of 
each repetition) in untrained participants, lead to some form of neural adaptation, 
as a result of both strength and skill training influences.
Limitations in the current study include quantifying muscle activity in the 
contralateral limb during the training period and the technique of magnetic stimu-
lation. It has been suggested that contralateral increases in strength may arise as 
a result of contraction of muscles in the untrained limb during unilateral training 
(Carolan and Cafarelli 1992; Hortobágyi et al. 1997). We did not collect EMG 
data in the untrained limb while participants undertook strength training, and 
therefore cannot discount the possibility that participants were coactivating limb 
musculature, despite instructing participants to keep their arm behind their back. 
However, more recent studies (Evetovich et al. 2001; Fimland et al. 2009; Lee et 
al. 2009) have published similar findings of strength increases of the contralat-
eral limb without within-training EMG data. Furthermore, the observation of no 
change in maximum rmsEMG pre and post training is consistent with the findings 
of Evetovich et al. (2001) and Lee et al. (2009). A second limitation of this study 
was that only single-pulse TMS and contralateral MEP responses were recorded, 
limiting the conclusions that can be drawn from the data, particularly in relation to 
the questions of adaptation occurring at the cortical or spinal levels and the influ-
ence of ipsilateral projection changes. However, previous research has shown that 
the mechanisms underpinning increases in cross-education of strength are unlikely 
to occur at subcortical and spinal levels. For example, Hortobágyi and colleagues 
(2003) following acute high intensity contractions (80–100% of MVC) showed 
increases in MEPs, but not in cervicomedullary MEPs (CMEPs) which remained 
unaffected, or H-reflex which showed depression (Fimland et al. 2009). Similarly, 
Lagerquist et al. (2006) demonstrated a 17.6% increase in strength of the contra-
lateral untrained limb in the absence of modifications in spinal cord excitability.
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Alterations in ipsilateral inhibition have been previously documented in uni-
manual motor tasks and alter depending on the involvement of distal or proximal 
muscles (Harris-Love et al. 2007), movement complexity (Avanzino et al. 2008) and 
motor learning acquisition (Perez et al. 2007). Recently, Perez and Cohen (2008) 
demonstrated unilateral activity-dependant changes in M1 ipsilateral projection 
using paired and triple-pulse TMS technique which can access intracortical inhibi-
tory circuits that use the neurotransmitter γ-aminobutryic acid (GABA). The single 
pulse TMS method can also be used to assess GABAB receptors (Chen 2004; Siebner 
et al. 1998) reflected as the SP duration on the EMG. The present investigation, found 
no change in the duration of the SP in either hemisphere at 20% above AMT and 
at MEPmax, suggesting that there were no changes in cortical inhibition. However, 
this may not mean that the level of inhibition has not altered, but rather a failure of 
the single-pulse technique to show changes in intracortical inhibition. It has been 
suggested (Foltys et al. 2003; Hortobágyi 2005) that an association exists between 
the intensity of M1 activation and the amount of inhibition in the contralateral M1. 
With the current study employing high intensity training of a repetitive nature, the 
left M1 may have influenced and altered the right M1 excitability via a reduction in 
the level of inhibition. Although SP duration did not alter, changes were observed 
in corticospinal excitability in the M1 projecting to the untrained arm above AMT 
which may be due to decreases in inhibition reflecting greater excitation (i.e., MEP 
amplitude increases) in the contralteral corticopspinal pathway (Foltys et al. 2003; 
Hortobágyi 2005). It is intended that further research will investigate ipsilateral 
projection in elbow flexors following a period of high-intensity strength training 
using a between groups design.
In conclusion, the results of the current study demonstrate that high intensity 
unilateral strength training increases strength, in the absence of muscle hypertrophy, 
and alters the functional properties of the corticospinal pathway projecting to the 
untrained arm in healthy humans. The present data suggests that adaptation of the 
corticospinal pathway is reflective of the specific nature of the strength training 
employed, but is also likely to be due to motor learning adaptations. Although we 
have demonstrated increased corticospinal excitability, the results do not discount 
that additional adaptations may have also occurred within neural structures not 
confined to the M1 and corticospinal pathway. Further research should investi-
gate ipsilateral corticospinal excitability and inhibition, using a similar training 
intervention.
References
Adamson, M., MacQuaide, N., Helgerud, J., Hoff, J., & Kemi, O. (2008). Unilateral arm 
strength training improves contralateral peak force and rate of force development. 
European Journal of Applied Physiology, 103, 553–559.
Avanzino, L., Bove, M., Trompetto, C., Tacchino, A., Ogliastro, C., & Abbruzzese, G. 
(2008). 1-Hz repetitive TMS over ipsilateral motor cortex influences the performance 
of sequential finger movements of different complexity. The European Journal of 
Neuroscience, 27, 1285–1291.
Boroojerdi, B., Battaglia, F., Muellbacher, W., & Cohen, L.G. (2001). Mechanisms influ-
encing stimulus-response properties of the human corticospinal system. Clinical 
Neurophysiology, 112, 931–937.
Brown, A., McCartney, N., & Sale, D. (1990). Positive adaptations to weight-lifting training 
in the elderly. Journal of Applied Physiology (Bethesda, Md.), 69, 1725–1733.
Corticomotor Excitability and Unilateral Strength Training    263
Byrnes, M., Thickbroom, G., Phillips, B., Wilson, S., & Mastaglia, F. (1999). Physiologi-
cal studies of the corticomotor projection to the hand after subcortical stroke. Clinical 
Neurophysiology, 110, 487–498.
Cannon, R., & Cafarelli, E. (1987). Neuromuscular adaptations to training. Journal of Applied 
Physiology (Bethesda, Md.), 63, 2396–2402.
Carolan, B., & Cafarelli, E. (1992). Adaptations in coactivation after isometric resistance 
training. Journal of Applied Physiology (Bethesda, Md.), 73, 911–917.
Carpenter, M. (1985). Core text of neuroanatomy. Baltimore, MD: Williams & Wilkins.
Carroll, T., Herbert, R., Munn, J., Lee, M., & Gandevia, S. (2006). Contralateral effects of 
unilateral strength training: evidence and possible mechanisms. Journal of Applied 
Physiology (Bethesda, Md.), 101, 1514–1522.
Carroll, T., Riek, S., & Carson, R. (2002). The sites of neural adaptation induced by resistance 
training in humans. The Journal of Physiology, 544, 641–652.
Carson, R. (2005). Neural pathways mediating bilateral interactions between the upper 
limbs. Brain Research. Brain Research Reviews, 49, 641–662.
Carson, R., Riek, S., Mackey, D., Meichenbaum, D., Willms, K., Forner, M., et al. (2004). 
Excitability changes in human forearm corticospinal projections and spinal reflex 
pathways during rhythmic voluntary movement of the opposite limb. The Journal of 
Physiology, 560, 929–940.
Chen, R. (2004). Interactions between inhibitory and excitatory circuits in the human motor 
cortex. Experimental Brain Research, 154, 1–10.
Cramer, S., Finklestein, S., Schaechter, J., Bush, G., & Rosen, B. (1999). Activation of 
distinct motor cortex regions during ipsilateral and contralateral finger movements. 
Journal of Neurophysiology, 81, 383–387.
Enoka, R. (1997). Neural adaptations with chronic physical activity. Journal of Biomechan-
ics, 30, 447–455.
Evetovich, T., Housh, T., Housh, D., Johnson, G., Smith, D., & Ebersole, K. (2001). The 
effect of concentric isokinetic strength training of the quadriceps femoris on electro-
myography and muscle strength in the trained and untrained limb. Journal of Strength 
and Conditioning Research, 15, 439–445.
Farthing, J., Chilibeck, P., & Binsted, G. (2005). Cross-education of arm muscular strength 
is unidirectional in right-handed individuals. Medicine and Science in Sports and 
Exercise, 37, 1594–1600.
Farthing, J. (2009). Cross-Education of Strength Depends on Limb Dominance: Implica-
tions for Theory and Application. Exercise and Sport Sciences Reviews, 37, 179–187.
Farthing, J., Borowsky, R., Chilibeck, P., Binsted, G., & Sarty, G.E. (2007). Neuro-Physiological 
Adaptations Associated with Cross-Education of Strength. Brain Topography, 20, 77–88.
Farthing, J., & Chilibeck, P. (2003). The effect of eccentric training at different velocities 
on cross-education. European Journal of Applied Physiology, 89, 570–577.
Fimland, M., Helgerud, J., Solstad, G., Iversen, V., Leivseth, G., & Hoff, J. (2009). Neural 
adaptations underlying cross-education after unilateral strength training. European 
Journal of Applied Physiology, 107, 723–730.
Foltys, H., Meister, I., Weidemann, J., Sparing, R., Thron, A., Willmes, K., et al. (2003). 
Power grip disinhibits the ipsilateral sensorimotor cortex: a TMS and fMRI study. 
NeuroImage, 19, 332–340.
Gandevia, S. (2001). Spinal and supraspinal factors in human muscle fatigue. Physiological 
Reviews, 81, 1725–1789.
Garfinkel, S., & Cafarelli, E. (1992). Relative changes in maximal force, EMG, and muscle 
cross-sectional area after isometric training. Medicine and Science in Sports and 
Exercise, 24, 1220–1227.
Gleeson, N., & Mercer, T. (1996). The utility of isokinetic dynamometry in the assessment 
of human muscle function. Sports Medicine (Auckland, N.Z.), 21, 18–34.
264  Kidgell, Stokes, and Pearce
Griffin, L., & Cafarelli, E. (2007). Transcranial magnetic stimulation during resistance 
training of the tibialis anterior muscle. Journal of Electromyography and Kinesiol-
ogy, 17, 446–452.
Hallett, M. (2007). Transcranial magnetic stimulation: a primer. Neuron, 55, 187–199.
Harris-Love, M., Perez, M., Chen, R., & Cohen, L. (2007). Interhemispheric inhibition 
in distal and proximal arm representations in the primary motor cortex. Journal of 
Neurophysiology, 97, 2511–2515.
Higbie, E., Cureton, K., Warren, G., & Prior, B.M. (1996). Effects of concentric and 
eccentric training on muscle strength, cross-sectional area, and neural activation. 
Journal of Applied Physiology (Bethesda, Md.), 81, 2173–2181.
Hortobágyi, T. (2005). Cross education and the human central nervous system. IEEE 
Engineering in Medicine and Biology Magazine, 24, 22–28.
Hortobágyi, T., Howatson, G., Taylor, M., Rider, P., Solnik, S., & DeVita, P. (2008). 
Contraction-specificity of ipsilateral motor cortical (M1) responses to transcranial 
magnetic brain stimulation in humans. Brain Stim, 1, 242–243.
Hortobágyi, T., Lambert, N., & Hill, J. (1997). Greater cross education following train-
ing with muscle lengthening than shortening. Medicine and Science in Sports and 
Exercise, 29, 107–112.
Hortobágyi, T., Scott, K., Lambert, J., Hamilton, G., & Tracy, J. (1999). Cross-education 
of muscle strength is greater with stimulated than voluntary contractions. Motor 
Control, 3, 205–219.
Hortobágyi, T., Taylor, J., Petersen, N., Russell, G., & Gandevia, S. (2003). Changes in 
segmental and motor cortical output with contralateral muscle contractions and altered 
sensory inputs in humans. Journal of Neurophysiology, 90, 2451–2459.
Jones, T. (1999). Multiple synapse formation in the motor cortex opposite unilateral 
sensorimotor cortex lesions in adult rats. The Journal of Comparative Neurology, 
414, 57–66.
Jones, T., Chu, C., Grande, L., & Gregory, A. (1999). Motor skills training enhances 
lesion-induced structural plasticity in the motor cortex of adult rats. The Journal of 
Neuroscience, 19, 10153–10163.
Lagerquist, O., Zehr, E.P., & Docherty, D. (2006). Increased spinal reflex excitability is 
not associated with neural plasticity underlying the cross-education effect, J Appl 
Physiol, 100, 83-90.
Lee M, & Carroll, T. (2007). Cross education: possible mechanisms for the contralateral 
effects of unilateral resistance training. Sports Medicine (Auckland, N.Z.), 37, 1–14. 
Lee, M., Gandevia, S., & Carroll, T. (2009). Unilateral strength training increases voluntary 
activation of the opposite untrained limb. Clinical Neurophysiology, 120, 802–808.
Meyers, C. (1966). Effects of two isometric routines on strength size and endurance in 
exercised and non-exercised arms. Research Quarterly, 38, 430–440.
Mountcastle, V. (1997). The columnar organization of the neocortex. Brain, 120(Pt 4), 
701–722.
Muellbacher, W., Facchini, S., Boroojerdi, B., & Hallett, M. (2000). Changes in motor 
cortex excitability during ipsilateral hand muscle activation in humans. Clinical 
Neurophysiology, 111, 344–349.
Muellbacher, W., Ziemann, U., Boroojerdi, B., Cohen, L., & Hallett, M. (2001). Role of 
the human motor cortex in rapid motor learning. Experimental Brain Research, 
136, 431–438.
Munn, J., Herbert, R., & Gandevia, S. (2004). Contralateral effects of unilateral resis-
tance training: a meta-analysis. Journal of Applied Physiology (Bethesda, Md.), 96, 
1861–1866.
Munn, J., Herbert, R., Hancock, M., & Gandevia, S. (2005a). Resistance training for 
strength: effect of number of sets and contraction speed. Medicine and Science in 
Sports and Exercise, 37, 1622–1626.
Corticomotor Excitability and Unilateral Strength Training    265
Munn, J., Herbert, R., Hancock, M., & Gandevia, S. (2005b). Training with unilateral 
resistance exercise increases contralateral strength. Journal of Applied Physiology 
(Bethesda, Md.), 99, 1880–1884.
Nathan, P., Smith, M., & Deacon, P. (1990). The corticospinal tracts in man. Course and 
location of fibres at different segmental levels (Pt 2). Brain, 113, 303–324.
Nyberg-Hansen, R., & Rinvik, E. (1963). Some comments on the pyramidal tract, with 
special reference to its individual variations in man. Acta Neurologica Scandinavica, 
39, 1–30.
Olafsdottir, H., Zatsiorsky, V., & Latash, M. (2008). The effects of strength training on 
finger strength and hand dexterity in healthy elderly individuals. Journal of Applied 
Physiology (Bethesda, Md.), 105, 1166–1178.
Oldfield, R.C. (1971). The assessment and analysis of handedness: the Edinburgh inventory. 
Neuropsychologia, 9, 97–113.
Parlow, S. & Kinsbourne, M. (1989). Asymmetrical transfer of training between hands: 
implications for interhemispheric communication in normal brain, Brain Cogn, 11, 
98-113.
Pearce, A., & Kidgell, D. (2009). Corticomotor excitability during precision motor tasks. 
Journal of Science and Medicine in Sport, 12, 280–283.
Pearce, A., & Kidgell, D. (2010). Comparison of corticomotor excitability during visuomo-
tor dynamic and static tasks. Journal of Science and Medicine in Sport, 13, 167–171.
Pearce, A., Thickbroom, G., Byrnes, M., & Mastaglia, F. (2000). Functional reorganisation 
of the corticomotor projection to the hand in skilled racquet players. Experimental 
Brain Research, 130, 238–243.
Perez, M., & Cohen, L. (2008). Mechanisms underlying functional changes in the primary 
motor cortex ipsilateral to an active hand. The Journal of Neuroscience, 28, 5631–5640.
Perez, M., Wise, S., Willingham, D., & Cohen, L. (2007). Neurophysiological mecha-
nisms involved in transfer of procedural knowledge. The Journal of Neuroscience, 
27, 1045–1053.
Peterson, M., Rhea, M., & Alvar, B. (2005). Applications of the dose-response for muscular 
strength development: A review of meta-analytic efficacy and reliability for designing 
training prescription. Journal of Strength and Conditioning Research, 19, 950–958.
Rioult-Pedotti, M.S., Friedman, D., Hess, G. & Donoghue, J.P. (1998). Strengthening of 
horizontal cortical connections following skill learning, Nat Neurosci, 1, 230-4.
Rogasch, N., Dartnall, T., Cirillo, J., Nordstrom, M., & Semmler, J. (2009). Corticomotor 
plasticity and learning of a ballistic thumb training task are diminished in older adults. 
Journal of Applied Physiology (Bethesda, Md.), 107, 1874–1883.
Rothwell, J., Thompson, P., Day, B., Boyd, S., & Marsden, C. (1991). Stimulation of the 
human motor cortex through the scalp. Experimental Physiology, 76, 159–200.
Schulze, K., Luders, E., & Janke, L. (2002). Intermanual transfer in a simple motor task. 
Cortex, 38, 805–815.
Scripture, E., Smith, T., & Brown, E. (1894). On the education of muscular control and 
power. Studies Yale Psychol Lab, 2, 114–119.
Shaver, L. (1975). Cross transfer effect of conditioning and deconditioning on muscular 
strength. Ergonomics, 18, 9–16.
Siebner, H., Dressnandt, J., Auer, C., & Conrad, B. (1998). Continuous intrathecal baclofen 
infusions induced a marked increase of the transcranially evoked silent period in a 
patient with generalized dystonia. Muscle & Nerve, 21, 1209–1212.
Sohn, Y., Jung, H., Kaelin-Lang, A., & Hallett, M. (2003). Excitability of the ipsilateral 
motor cortex during phasic voluntary hand movement. Experimental Brain Research, 
148, 176–185.
Stedman, A., Davey, N., & Ellaway, P. (1998). Facilitation of human first dorsal interosseous 
muscle responses to transcranial magnetic stimulation during voluntary contraction of 
the contralateral homonymous muscle. Muscle & Nerve, 21, 1033–1039.
266  Kidgell, Stokes, and Pearce
Teixeira, L., & Caminha, L. (2003). Intermanual transfer of force control is modulated by 
asymmetry of muscular strength. Experimental Brain Research, 149, 312–319.
Todor, J., & Lazarus, J. (1986). Exertion level and the intensity of associated movements. 
Developmental Medicine and Child Neurology, 28, 205–212.
Wahl, M., Lauterbach-Soon, B., Hattingen, E., Jung, P., Singer, O., Volz, S., et al. (2007). 
Human motor corpus callosum: Topography, somatotopy, and link between microstruc-
ture and function. The Journal of Neuroscience, 27, 12132–12138.
Williams, L., Sullivan, S., Seaborne, D., & Morelli, M. (1992). Reliability of individual 
differences for H-reflex recordings. Electromyography and Clinical Neurophysiology, 
32, 42–49.
Wilson, S., Lockwood, R., Thickbroom, G., & Mastaglia, F. (1993a). The muscle silent 
period following transcranial magnetic cortical stimulation. Journal of the Neurologi-
cal Sciences, 114, 216–222.
Wilson, S., Thickbroom, G., & Mastaglia, F. (1993b). Transcranial magnetic stimulation 
mapping of the motor cortex in normal subjects. The representation of two intrinsic 
hand muscles. Journal of the Neurological Sciences, 118, 134–144.
Yue, G., & Cole, K. (1992). Strength increases from the motor program: comparison of 
training with maximal voluntary and imagined muscle contractions. Journal of Neu-
rophysiology, 67, 1114–1123.
Zhou, S. (2000). Chronic neural adaptations to unilateral exercise: mechanisms of cross 
education. Exercise and Sport Sciences Reviews, 28, 177–184.
Copyright of Motor Control is the property of Human Kinetics Publishers, Inc. and its content may not be
copied or emailed to multiple sites or posted to a listserv without the copyright holder's express written
permission. However, users may print, download, or email articles for individual use.
